For a mosque in Bangladesh, the acoustical requirements in terms of intelligibility and liveliness are dissimilar for the types of soundsrecitation from the Holy Koran and speech on religious subjects. To attain an overall satisfactory acoustical performance, it is significant to find an optimum Reverberation Time (RT), which is one of the important factors affecting intelligibility and liveliness. Experiment is conducted to find the effect of RT by making it a variable, while keeping other factors as non-variable and fulfilling ideal conditions for maximum intelligibility. Preferences are judged on pairs of sound clips of recitation and speech, for both intelligibility and liveliness, on a 5-point scale and findings are analysed thorough the statistical method of paired comparison. Considering preferences of all aspects the optimum RT is proposed as 0.9 s for an overall balanced acoustical performance for both recitation and speech for a mosque in Bangladesh.
Introduction
A mosque resembles a hall room with almost no furniture and with finish materials of low sound absorption. As a solemn worship space, it is naturally calm and quiet. For mosques in Bangladesh, there is usually a low-level of internal noise commonly produced by moving ceiling fans. In bigger mosques, sound amplification system gains needed sound level. Despite low-level of internal noise and enough sound level gained through sound amplification system, many of the mosques particularly those of large volumes have poor intelligibility, mostly because of higher RT of the space.
Sounds in a mosque might be classified in major two categories -recitation and speech. Recitation from the Holy Koran is conducted during prayers and as citation during theological speech. Speech on religious issuesis either spoken out or readout from theological scripts. The recitation is performed in Arabic, the language of its revelation. It is melodious by nature and never supported by any musical instrument. The speech, similar to a typical classroom lecture, is delivered mostly in Bangla with some adopted words from Arabic, Persian, Urdu, Turkish and English.
Intelligibility and liveliness has significant position among different factors for a quality sound. The term intelligibility refers to a qualitative term that describes the ability of an acoustic environment to transmit speech intelligibly (Morfey 2001) and it is expressed in the percentage of correctly received phrases (Maekawa 1994) . The term liveliness qualifies the degree of received reverberation in a space produced by the temporal smearing of sound associated with the reverberant field (Morfey 2001) , which qualifies a room as live room and a sound as live sound. On the contrary, in a dead room, the total absorbing area approaches the actual room surface area (Morfey 2001) and qualifies a sound as dead sound. Dead room or dead sound is rare in reality, while live room and live sound is common in our everyday life and we have become familiar and contented with it. Thus, liveliness has become an innate reason for preferring a sound.
We prefer higher reverberation times for music than for speech (Cremer et al. 1982) . Being melodious in nature, recitation desires higher RT for liveliness and also for some added quality of divinity. Theologically, it is compulsory to listen attentively to the recitation of the Imam (prayer leader) during prayers, while getting meaning of each word is optional (Thanuvi 1990; Allah 2002) . Besides, only a few Bangladeshi people understand Arabic, the language of the Holy Koran. Thus, the demand for intelligibility is much An Optimum Reverberation Time for Mosques 44(2) 2009 less in recitation. On the other hand, we are interested almost exclusively in the intelligibility of speech (Cremer et al. 1982) . Because of these opposing requirements of recitation and speech, for an overall acoustical performance of a mosque, it is obvious to deduce an optimum RT that fulfils the requirements of both recitation and speech for intelligibility and liveliness.
Basing on experiments on English language, Knudsen (1929) expresses the Percentage Syllable Articulation (PSA) as,
where, k i , k r , k n and k s are the coefficient for average speech level, Reverberation Time, Signal to Noise Ratio and room shape, respectively. Fig. 1 shows that at an average speech level of 70 dB, k i is maximum and it decreases rapidly below 40 dB. At RT of 0.0 s, k r is maximum and it decreases with the increase of RT. The coefficient k n decreases with the increase of Signal to Noise Ratio (SNR). For a space of conventional rectangular shape, it is probable that ks does not differ noticeably from 1.0 (Knudsen 1932 ). Although k s is said to be defined by room shape, it may include other uncertain factors such as echo (Maekawa 1994 ). Fig. 2 shows the relationship between Percentage Syllable Articulation (PSA) and Speech Intelligibility, where PSA and thus speech intelligibility improves as the RT decreases. Even if the syllables are not fully recognized in PSA, for the case of intelligibility, the words and phrases are rather easily understood by sequence or context (Maekawa 1994) .
For experiments, we can arrange to get coefficient for each of k i , k n and k s as 1, and make the remaining coefficient of k r as a variable with varying RTs. This setup can be used to find average preferences for two types of sounds (speech and recitation) with respect to intelligibility and liveliness for proposing an optimum RT.
Materials and Methods
The basic sound clips, each of a duration of 15 s, were recorded in an anechoic chamber (RT = 0.0 s) -recitation from the Holy Koran in Arabic (Allah 2002 ) and speech as readout from a theology book in Bangla (Zakariah 2001 ). The average rates of articulation were 158 and 411 syllables per minute for recitation and speech, respectively. A lab was set in an anechoic chamber with a laptop PC, a high-fidelity amplifier and a loudspeaker of almost flat frequency response (Fig. 3) . The sample sound clips were played back to respondents, who sat right in front of the loudspeaker at a distance of 2 m from the speaker.
As discussed in the preceding section, in this experiment kr was only variables with the varying RT. To get k i = 1, the system was set to play the sound clips at an average speech level of 70 dB, measured at respondents position. The noise level in the anechoic chamber was very negligible and it makes k n = 1. For the rectangular shape of the anechoic chamber, we assumed, k s = 1 (Knudsen 1929 ).
To avail the anechoic chamber and advanced lab supports, the experiment was conducted at Kyoto University, Japan. Bangla-speaking expatriates in that vicinity took part in the experiment, three for voice recording and twelve as respondents. The sample size of respondents satisfies the underlying statistical assumptions (Scheffe 1952) . The average age of the listeners was 32 years and they were screened for good hearing health through audiometry. Those who gave their voice for recording did not participate as respondents, since there would have been an obvious influence in judgment due to familiarity to one's own voice.
In a 5-point scoring scale, the respondents voted for any of the following statements on each pair in both orders (i, j and j, i).
I prefer 'first sound' to 'second sound' strongly (score +2)
I prefer 'first sound' to 'second sound' slightly (score +1)
No preference (score 0) I prefer 'second sound' to 'first sound' slightly (score -1) I prefer 'second sound' to 'first sound' strongly (score -2)
It might be noted that the corresponding values of scores presented in the parenthesis, increases with the strength of preference in the order i (first sound) to j (second sound) and that for opposite order j to i, refers to the equal but opposite (negative) score. There was a time interval after playback of each pair to efface the effects of sound from the brain, which would have otherwise influenced the perception of succeeding playbacks. In this experiment an average time interval for playbacks were maintained -one minute between pairs in similar order and ten minutes before switching to reverse order.
The respondents compared pairs and voted for both types of sample sound clips (recitation and speech) on both aspects (intelligibility and liveliness). Thus, we get four sets of data, The analysis of data is based on the general theory of least square and linear hypotheses similar to the statistical method adopted by Scheffe (1952) . Through statistical analysis of variance (ANOVA) and F-test, significance of the main effect and order effect was judged for a confidence level of 95%. For assessing main effects in samples of each pair, Ttest was conducted by checking the average preferences with a yardstick for a confidence level of 95%. From derived average preferences for varying Reverberation Time (RT), a combined graphical expression was obtained, which ultimately proposes an optimum reverberation time for a mosque.
Results and Discussion
For each aspect (e.g., Intelligibility in Recitation), there are two tables (e.g., Table I From the second table of each aspect (e.g., Table I .a.2), we get quantitative statements on the possible differences of main effects with 95% confidence whether all ten inequalities are true or not. The experiment demonstrates a difference for any two main effects α i and α j , if their estimates and differ by at least the respective yardstick. The yardstick and average preferences for each aspect are shown in the notes of respective Table. For intelligibility in recitation, Table I .a.1 shows that the variance of main effects is significantly larger than the variance of error and the probability is less than 0.05%. It indicates that the sound clips are adequately rated by their main effects α i . So, it asserts with 95% confidence that the main effects are significant. On the contrary, variance of order effects is rather smaller than the variance of error and the probability is closer to 100%. Thus, it states with 95% confidence that the order effects of the sound clips are insignificant. The variance of deviation from the subtractivity also suggests similarly. As a T-test in Table I .a.2, the extreme differ by more than the yardstick Y 0.05 = 0.139, which suggests that there exists differences in preferences of the sound clips. Further checking with the same yardstick (Table I.a.2) demonstrates differences in preferences within sound clips of each pair.
Similarly, for liveliness in recitation, Table I .b.1 shows with 95% confidence that the main effects are significant but the order effects are insignificant. The variance of deviation from the subtractivity also suggests the significance of main effects but at a relatively lower confidence level. In Table  I .a.2, the extreme differ by more than the yardstick Y 0.05 =0.380, which suggests that there exists differences in preferences of the sound clips. But, further checking of each pair with the same yardstick (Table I. b.2), shows that the differences are not demonstrated between α 2 and α 5 , nor between α 3 and α 4 .
For intelligibility in speech, Table I .c.1 asserts with 95% confidence that the main effects are significant while the order effects are insignificant. The variance of deviation from the subtractivity also suggests likewise. In Table I .c.2, the extreme differ by more than the yardstick =0.140, which suggests that there exists differences in preferences of the sound clips. Further checking of each pair with the same yardstick (Table I.c.2) confirms differences within sound clips of each pairs For liveliness in speech, Table I .d.1 shows with 95% confidence that the main effects are significant but the order effects are insignificant. The variance of deviation from the subtractivity also suggests the significance of main effects but at a relatively lower confidence level. In Table I .d.2, the extreme differ by more than the yardstick =0.368, which proposes that there exists differences in preferences of the sound clips. Further checking of each pair with the same yardstick (Table I. d.2), shows that the differences are not expressed between pairs α 1 and α 5 , α 2 and α 3 , α 2 and α 4 , α 3 and α 4 . Average preferences for all four aspects are tabulated in Table II and graphically compared in Fig. 4 . A polynomial trendline with a reliable R-squared value is fitted for each set of data. Following observations and comments may summarise the outcome of this experiment.
The two types of sounds in a mosque, recitation and speech, are unique in terms of their inherent nature and preferences to the respondents. As shown in Table II and Fig 4, the average preference for intelligibility in recitation and intelligibility in speech decreases with the increase of corresponding RT. Average preferences for liveliness in recitation and liveliness in speech initially rise with the increase of RT until it reaches at about RT of 2.0 to 2.5 s, but starts falling off beyond that, which happens earlier for speech than for recitation. Since in general terms, RT adds reverberance or liveliness; it might be generally assumed that more the RT more the liveliness. This assumption is proved erroneous basing on the derived data and also on the explashow extreme diversity in nature of preferences. As shown in Fig.  4 , these two critical aspects cross at about RT of 0.9 s. Other aspects, intelligibility in recitation and liveliness in speech, also cross very close to this point. Any increase or decrease from this RT value results imbalance in average preferences among all aspects, i.e., any attempt to improve preferences for one aspect evidently worsen that of others. Thus, considering a balance in preferences of all aspects, the optimum RT of a mosque might be proposed as 0.9 s.
The 'preference' in this experiment is a subjective parameter expressed in an arbitrary value ranging from a maximum of +2.0 to a minimum of -2.0. To get a tangible and objective understanding of how the proposed optimum RT affects our acoustical experience, we may refer to Percentage Syllable Articulation (PSA) and intelligibility. From Fig. 1 and Eq. 1, considering the optimum RT = 0.9 s in ideal conditions, where k i = 1 (for an average speech level of 70dB), k r = 0.85 (for RT = 0.9 s), k n = 1 (when SNR is negligible) and k s = 1 for a space of rectangular shape), we get, Fig. 2 , for PSA ≅ 82%, we get almost a perfect intelligibility (nearly 100%) in an ideal condition. But in reality, there is usually some ambient noise in a mosque, which causes a considerable decrease in PSA and thus intelligibility.
The sound clips are adequately rated by their main effects α i for both intelligibility and liveliness, but it is relatively larger for former than later. Moreover, the T-test with the yardstick Y 0.05 demonstrates significant differences of preference α i in all pairs for intelligibility, but it is not same in some pairs for liveliness. This expresses the fact that liveliness is relatively more subjective in nature than that of intelligibility.
Significant research is already conducted on the effects of RT on PSA and intelligibility for English language, as has been done in this paper for Bangla language. In addition, this research has included the subjective issue of liveliness to assess how it interacts with RT. The nature of growth and decay for preferences in liveliness as an effect of varying RT is a notable finding of this research.
This paper adopts the statistical methods of Scheffe (1952) , which cites an example of experiment on taste-testing of food. In that case, the 'order effects' were found to be significant. For this experiment on sound, the 'order effects' are found to be insignificant. The phenomenon can be explained as the effect of taste of food remains relatively longer time to our tongue, compared to the effect of sound to our ear. Thus, the taste of first sample of food might have influenced the second one and a reverse order showed significant difference in the experiment of Scheffe (1952) . Therefore, for future experiments on sounds of similar nature, it is recommended to skip 'reverse order'. This will save the experiment from being excessively lengthy, which will ultimately decrease the probability of erroneous and faulty responses from a respondent, due to fatigue and boredom caused by prolonged sessions.
Conclusion
The findings of this paper, particularly the optimum RT value, are expected to be useful for acoustical design of mosques in Bangladesh. The effects of speech levels and noise levels are beyond the scope this paper. It is a fact that in a mosque speech level can be controlled artificially for optimal performance. But it is almost impossible evading the effects of noise levels particularly in the mosques of Bangladesh, where a considerable level of outdoor noise penetrates through the large openings kept open for natural ventilation. Thus, there remain ample possibilities for exploring the effects of noise levels on acoustical performance of mosques in Bangladesh based on the research premises set out by this paper.
